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NASA Technical Memorandum 78288 

I:. INTRODUCTION 

A .  Background 

The NASA O f f i c e  of Space a n d  Terrestr ia l  A p p l i c a t i o n s  
(OSTA) is c o n s i d e r i n g  a Space  S h u t t l e  e x p e r i m e n t  t o  demon- 
s t ra te  t e c h n i q u e s  f o r  g loba l  h i g h - p r e c i s i o n  compar i son  of 
clocks and  p r i m a r y  f r e q u e n c y  s t a n d a r d s .  The e x p e r i m e n t  w i l l  
i n v o l v e  a hydrogen  maser c l o c k  on b o a r d  t h e  S h u t t l e .  T rans -  
m i s s i o n  of microwave and p u l s e d  laser s i g n a l s  w i l l  be  u s e d  
t o  compare t h e  space clock i n  t h e  S h u t t l e  w i t h  a clock i n  a 
ground s t a t i o n .  The goal of t h e  p roposed  e x p e r i m e n t  is to  
d e m o n s t r a t e  t i m e  t r a n s f e r  w i t h  a c c u r a c i e s  of 1 n s e c  or 
be t te r ,  and f r e q u e n c y  compar i son  of clocks a t  t h e  10-I 
a c c u r a c y  l e v e l .  T h e  c a p a b i l i t y  t o  compare f r e q u e n c i e s  w i t h  
a n  a c c u r a c y  of is a u n i q u e  f e a t u r e  of the proposed 
e x p e r i m e n t .  N o  other t e c h n i q u e  or e x p e r i m e n t  i n  e x i s t e n c e  
or p l a n n e d  h a s  this c a p a b i l i t y .  

T h i s  report  o u t l i n e s  t h e  c o n c e p t  of the  e x p e r i m e n t .  
T h e  b a s i c  ideas of the e x p e r i m e n t  were d e v e l o p e d  by a small 
s t u d y  team c o n s i s t i n g  of t h e  au thors  of this report .  
S t u d i e s  are i n  p r o g r e s s  to d e f i n e  de ta i l s  of the e x p e r i m e n t  
s y s t e m s  and  o p e r a t i o n .  A more d e t a i l e d  t e c h n i c a l  r epor t  
w i l l  be  p r e p a r e d  in the P u t u r e .  

T h e  s t a b i l i t y  and a c c u r a c y  of p r e c i s i o n  clocks and p r i -  
mary f r equency  s t a n d a r d s  have improved far beyond p r e s e n t  
c apab i l i t i e s  to  t r a n s f e r  time and f r e q u e n c y  i n f o r m a t i o n  
be tween w i d e l y  separated s t n n d a r d s .  P r imary  s t a n d a r d  labo- 
ra tor ies  e x i s t  i n  many n a t i o n s  a round  the wor ld ,  and c o o r d i -  
n a t i o n  of a n  i n t e r n a t i o n a l  time scale w i t h  t i m e  t r a n s f e r  
a c c u r a c y  a t  l e v e l s  commensurate  w i t h  the s t a b i l i t y  of  clocks 
is now a v e r y  s e r i o u s  problem. T h e  most accurate t i m e  
t r a n s f e r  method now i n  u s e  is the t r a n s p o r t a b l e  clock which 
c a n  p r o v i d e  t i m e  t r a n s f e r  o v e r  i n t e r c o n t i n e n t a l  d i s t a n c e s  
w i t h  an  u n c e r t a i n t y  of a p p r o x i m a t e l y  10 n s c c .  T h e  t r a n s -  
por table  c l o c k  method has many l o g i s t i c  p rob lems  and  is v e r y  
e x p e n s i v e  i f  h i g h  a c c u r a c i e s  are r e q u i r e d .  

B. Exper iment  Concept  

The  proposed o r b i t i n g  clock e x p e r i m e n t  can be viewed as 
a n  e x t e n s i o n  of t h e  t r a n s p o r t a b l e  c l o c k  methods  t o  make t i m e  
and  f r e q u e n c y  t r a n s f e r  a v a i l a b l e  a t  f r e q u e n t  i n t e r v a l s  



with worldwide coverage. A hydrogen maser clock will be 
carried on board the Space Shuttle, and simultaneous trans- 
mission of microwave and laser pulse signals will be used to 
compare these two techniques as well as the clocks them- 
selves (Fig. 1). 

The microwave system that provides time and frequency 
transfer will be similar to a system used with the Gravita- 
tional Probe A (GP-A) flown in 1976. Frequency comparison 
of a space clock and a ground station clock at the l ( J - 1 4  
level was'demonstrated during the GP-A mission. The same 
technique can be used for global frequency comparison of 
primary standards. The microwave system uses three continu- 
ous wave (CW), phase-coherent, S-band carrier frequencies 
that provide one-way and two-way Doppler measurements. The 
first-order Doppler effect and propagation disturbances are 
cancelled automatically (in real time) by proper processing 
of the signals. A time code modulation will be applied to 
the CW carriers to accomplish time transfer. 

A pulsed laser timing system will be used in parallel 
with the microwave system. Transmission of pulsed laser 
signals is the most accurate technique in existence for time 
comparison of clocks. Accuracies around 0.05 nsec have been 
demonstrated. The main disadvantage of the laser technique 
is its sensitivity to weather conditions, which is a serious 
drawback for an operational system, while the microwave 
transmission is practically independent of weather condi- 
tions. Also, a direct frequency comparison of primary 
standards is not possible with laser techniques in the fore- 
seeable future. The short-pulse laser timing system will 
provide a calibration of the microwave method. Simultaneous 
transmission of laser and microwave pulse signals will yield 
interesting data about wave propagation and other possible 
effects at very high precision. The on-board equipment of 
the laser timing system includes a corner reflector array 
combined with photodetectors and associated electronics to 
measure the arrival time of the laser pulses in the time 
frame given by the on-board clock. The laser ground termi- 
nal will measure the round-trip time of the laser pulse. 
This short-pulse laser technique has been used previously 
with other experiments. 

Except for its relatively low orbital altitude, the 
Space Shuttle is ideal for this type of demonstration exper- 
iment. The experiment package will be mounted on a parlet 
in the Shuttle bay. The best locations for the microwave 
antenna and corner reflector array have yet to be 
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determined. While a single Shuttle mission will be suffi- 
cient to demonstrate the techniques and systems performance, 
return of the experiment hardware provides the possibility 
of reflight (and experiment modification), if desired, at 
minimum cost. Although the altitude of Shuttle orbits is 
lower than the optimum orbit desirable for a possible later 
operational system, reducing the time available for compari- 
son of clocks during the pass over a ground station, the 
Shuttle orbits are adequate to demonstrate the capability of 
the proposed techniques and to predict the performance of an 
operational system. High inclination (57O) orbits planned 
for a variety of Shuttle missions will give adequate global 
coverage, including a l l  of the primary standard laboratories 
and most of the other important stations, should any of 
these desire to participate in the demonstration experiment. 

The proposed Shuttle demonstration experiment will use 
existing technology and off-the-shelf hardware to the great- 
est extent possible to minimize the cost. After a success- 
ful demonstration, the experiment could evolve into an oper- 
ational system for global time and frequency transfer using 
a free-flyer or a space platform. There are indications of 
international interest in participating in the demonstration 
and a future operational system. 
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11. NEED FOR GLOBAL HIGH-PRECISION CLOCK COMPARISON 

The f o l l o w i n g  d i s c u s s i o n  is f o c u s e d  on cln o p e r a t i o n a l  
time and f r e q u e n c y  t r a n s f e r  s y s t e m  and describes t h e  need 
and  worldwide u s e  of s u c h  a s y s t e m .  The proposed demonst ra -  
t i o n  e x p e r i m e n t  on t h e  S h u t t l e  may u s e  o n l y  one ground s ta-  
t i o n ,  which is a d e q u a t e  t o  d e m o n s t r a t e  t h e  t e c h n i q u e s .  

A .  P r e s e n t  H i g h - P r e c i s i o n  Timing O p e r a t i o n s  

I n  t h e  Western  world a l o n e  there are a t  p r e s e n t  more 
t h p  2000 ces ium beam clocks i n  use .  T h e r e  are many more 
( i n  t h e  order of 10 000) r u b i d i u m  vapor  c e l l  clocks and  
a p p r o x i m a t e l y  50 hydrogen masers i n  use .  A l l  these high-  
p r e c i s i o n  clocks operate i n  r e f e r e n c e  t o  s t a n d a r d s  t h a t  make 
t h e  clocks traceable t o  t h e  v a r i o u s  N a t i o n a l  T i m e  S e r v i c e s  
which are,  i n  t u r n ,  c o o r d i n a t e d  w i t h  t h e  Bureau I n t e r n a -  
t i o n a l  de L 'Heure  ( B I H )  a t  the Pa r i s  O b s e r v a t o r y .  T h i s  co- 
o r d i n a t i o n  ePfort  is s u p p o r t e d  t h r o u g h  t h e  s y n c h r o n i z a t i o n  
of t h e  v a r i o u s  LORAN C c h a i n s  t o  the U . S .  Naval O b s e r v a t o r y  
(USNO) master clock t h a t  s e r v e s  as t h e i r  t i m e  r e f e r e n c e .  
The  p r e c i s i o n  so far  o b t a i n a b l e  is a p p r o x i m a t e l y  200 n s e c ,  
b u t  larger v a r i a t i o n s  occur s e a s o n a l l y  and necessitate regu- 
l a r  c a l i b r a t i o n s  w i t h  a portable  clock. The  portable  clock 
t e c h n i q u e  r e p r e s e n t s  c u r r e n t l y  t h e  o n l y  h i g h - p r e c i s i o n  o p e r -  
a t i o n a l  l i n k  between t h e  major n a t i o n a l  S t a n d a r d s  labora- 
tor ies ,  three of which--the NBS ( B o u l d e r ,  Colorado), t h e  NRC 
( O t t a w a ,  Canada ) ,  and t h e  PTU (Braunschweig ,  W. Germany)-- 
p r o v i d e  t h e  o n l y  i n p u t  t o  t h e  B I B  r e g a r d i n g  a b s o l u t e  rate 
a c c u r a c y  of t h e  i n t e r n a t i o n a l  reference TAI  (temps i n t e r n a -  
t i o n a l  a t o m i q u e ) .  U n f o r t u n a t e l y ,  t h e  c o v e r a g e  of LORAN C is 
l i m i t e d  t o  the Northern Hemisphere and ,  therefore, there are 
n o  S o u t h e r n  l a t i t u d e  N a t i o n a l  T i m e  S e r v i c e s  or s t a n d a r d  
laboratories i n  t h i s  BIH sys tem.  

I n  summary, there are two coordination l i n k s  of impor- 
t a n c e  t o  t imekeep ing :  t h e  i n t e r c o m p a r i s o n  of a p p r o x i m a t e l y  
90 clocks f o r  the day-to-day computa t ion  of TAI  a n d  t h e  
l i n k s  of the three s t a n d a r d  l abs  t h a t  operate a b s o l u t e  fre- 
quency s t a n d a r d s  f o r  the p r o v i s i o n  of h i g h - p r e c i s i o n  fre- 
quency measurements  of T A I  f o r  long- te rm ca l ibra t ion  o f  t h i s  
r e f e r e n c e  t i m e  scale. 

B. P r imary  Frequency  S t a n d a r d s  

C u r r e n t l y ,  there are three opera t ing  p r i m a r y  f r e q u e n c y  
s t a n d a r d s  t h r o u g h o u t  t h e  world: one  (NBS-6)  located a t  NBS 
i n  Bou lde r ,  Colorado, a n o t h e r  a t  NRC i n  O t t a w a ,  Canada,  and  
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a third at PTB in Braunschweig, W. Germany. The respective 
accuracies of these standards are 8.5 x 10-1 , 4 x 10-14, 
and 6 x 10-l’ . 
of these devices is at the level of one part in 10l4 for 
approximately 1 day averaging time. The current operational 
mode of comparing these standards is via the LORAN C naviga- 
tion signal in a ground-wave propagation mode. Fluctuations 
in the propagation delay of these signals cause time varia- 
tions on the order of 11lsec over 1 year of operation and 
frequency fluctuations that are about one order of magnitude 
worse thad those achieved in the primary standards; that is, 
approximately one part in There are navigation, com- 
munication, and scientific users who need the stability and 
accuracy of the primary standards but currently cannot real- 
ize these via the current operating mode. It is projected 
that the stability and accuracy of primary standards will 
improve about one order of magnitude over roughly the next 7 
years, which will clearly make the LORAN C mode of time and 
frequency transfer totally incompatible with the needs and 
capabilities within the community. In addition, significant 
research efforts in progress are exploring atomic frequency 
standards and have as a goal stabilities of the order of a 
part in 1016. 

The fractional frequency stability of each 

C. Capabilities of the Proposed Experiment 

The proposed experiment will demonstrate the capabil- 
ity to make time comparisons between any two properly 
equipped stations as often as twice a day with an accuracy 
of better than 1 nsecD It will also demonstrate the capa- 
bility to make frequency measurements between two such sta- 
tions with a precision of one part in No other exper- 
iment proposed can obtain such results; they are unique to 
this experiment. The reasons for this are: the use of a 
hydrogen maser as a transfer clock in the orbiting space 
vehicle, the use of the three-link frequency comparison sys- 
tem with Doppler cancellation, and the use of a laser link 
to calibrate the propagation time delays in the instrumenta- 
tion and the propagation path. 

D. Comparison with Other Experiments or Existing 
Operational Capabilities 

As has been mentioned previously, the present opera- 
tional Loran C links have a precision of 200 nsec with much 
larger (1 usec) seasonal variations. Portable clocks with 
the capability to make time transfers approaching 1 nsec 
have been used but at a cost which makes the operational use 
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of s u c h  precisions p r o h i b i t i v e .  Figure 2 g i v e s  an e s t i m a t e d  
dependence  of cost  v e r s u s  p rec i s ion  for  a s i n g l e  s t a t i o n .  
I t  is clear t h a t  cost is a major factor for  t h e  p r e s e n t  
o p e r a t i o n a l  l i m i t a t i o n  t o  200 n s e c  i n  o u r  t i m i n g  o p e r a t i o n s ,  
even  i f  h i g h e r  p r e c i s i o n  can and has  been o b t a i n e d  i n  iso- 
la ted cases. 

A better measurement a c c u r a c y ,  a t  least  i n  t h e  major 
l i n k s  (among NBS - USNO - NHC - Paris  O b s e r v a t o r y  - PTB, 
e tc . ) ,  would be e x t r e m e l y  des i r ab le  because the u n i f o r m i t y  
a n d  a c c u r a c y  of T A I  are l i m i t e d  by t h e  i n s u f f i c i e n t  preci- 
s i o n  o b t a i n a b l e  a t  p r e s e n t .  Very l o n g  b a s e l i n e  i n t e r f e r o m e -  
t r y  ( V L B I )  has  a l so  been  used  i n  isolated cases, and an  
i n t e r n a l  p r e c i s i o n  of 1 n s e c  has been reached i n  some expe r -  
i m e n t s .  However, any  u s e  of s u c h  e x p e r i m e n t s  f o r  t h e  pur-  
poses ment ioned  must  of n e c e s s i t y  be an isolated case de- 
pend ing  upon t h e  l i n k s  from the o b s e r v a t o r i e s  t o  the t i m i n g  
c e n t e r s ,  s c h e d u l e s ,  d e l a y s  o f  data p r o c e s s i n g ,  etc. 

The L a s e r  S y n c h r o n i z a t i o n  from Synchronous  O r b i t  
(LASSO) e x p e r i m e n t  is t h e  o n l y  e x p e r i m e n t  that is a t  t h i s  
t i m e  c o m p e t i t i v e  i n  regard t o  a c c u r a c y .  However, t h e  d e s i g n  
of t h e  LASSO e x p e r i m e n t  l i m i t s  i ts u t i l i t y  to  o n l y  a few 
selected laser s t a t i o n s  that  have  s u f f i c i e n t  power t o  reach 
t h e  s a t e l l i t e  and  are w i t h i n  its c o v e r a g e .  I n  a d d i t i o n ,  it 
u s e s  t h e  laser n o t  as a ca l ibra t ion  tool  b u t  for a l l  t i m e  
t ransfers ,  which imposes v e r y  c r i t i c a l  a d d i t i o n a l  l i m i t a -  
t i o n s  on o p e r a t i o n s  (weather, a i r  t r a f f i c ,  e tc . ) .  

The Global P o s i t i o n i n g  Sys tem (GPS), even  though  it 
w i l l  become a m o s t  u s e f u l  s y n c h r o n i z a t i o n  s o u r c e ,  w i l l  
n e v e r t h e l e s s  n o t  be c o m p e t i t i v e  i n  a c c u r a c y  s i n c e  it is o n l y  
a one-way c o n c e p t  t h a t  r e q u i r e s  t h e  separate d e t e r m i n a t i o n  
of p r o p a g a t i o n  d e l a y  and i n v o l v e s  o r b i t a l  d e t e r m i n a t i o n ,  
p r o p a g a t i o n  c o r r e c t i o n ,  e t c . - - f a c t o r s  t h a t  do n o t  c o n c e r n  
t h e  proposed S h u t t l e  e x p e r i m e n t  s ince t h e  two-way, n e a r l y  
s i m u l t a n e o u s  t r a n s m i s s i o n  of s i g n a l s  a v o i d s  t h e i r  i n f l u e n c e  
e x c e p t ,  a t  most, i n  the form of small c o r r e c t i o n s .  

Communications s a t e l l i t e s  s u c h  as IIERMES a n d  SYMPHONIE 
have  been  used  f o r  t i m i n g  e x p e r i m e n t s  of h i g h e s t  p r e c i s i o n  
( a p p r o x i m a t e l y  1 n s e c ) .  However, t h e  a b s o l u t e  d e l a y s  and  
d e l a y  v a r i a t i o n s  i n  t h e  t r a n s m i t t e r s  and r e c e i v e r s  i n v o l v e d  
c u r r e n t l y  l i m i t  t h e  a b s o l u t e  t i m e  t r a n s f e r  a c c u r a c y  t o  
s e v e r a l  t e n s  of nanoseconds .  I n  a d d i t i o n ,  a pract ical  d i f -  
f i c u l t y  has  a r i s e n  i n  these e x p e r i m e n t s  t h a t  limits t h e i r  
a c t u a l  u s e .  The l i n k s  t o  t h e  e n d - u s e r s  have  c o n t r i b u t e d  
s e v e r a l  nanoseconds  of i n a c c u r a c y  and  have p r e v e n t e d  a f u l l  
e v a l u a t i o n  of t o t a l  o v e r a l l  per formance .  
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E. P o t e n t i a l  Users and F u t u r e  Requirements 

A s  ment ioned  p r e v i o u s l y ,  t h e  major b e n e f i t s  from a n  
o p e r a t i o n a l  s y s t e m  employing  t h e  p roposed  t e c h n i q u e s  c a n  be 
e x p e c t e d  i n  t h e  c o m p u t a t i o n  of TAI and i n  t h e  improved co- 
o r d i n a t i o n  of t h e  major B I H  c o n t r i b u t o r s .  Both  t h e  v e r y  
h i g h  a c c u r a c y  time measurement and  t h e  f r e q u e n c y  compar i son  
between t h e  t h r e e  laboratories (NBS, NRC, and PTB) are 
i m p o r t a n t .  I n  a d d i t i o n ,  s u c h  a s y s t e m  would a l so  allow f o r  
t h e  f irst  t i m e  t h e  i n t e r c o m p a r i s o n  of t i m e  and f r e q u e n c y  
w i t h  s t a t i o n s  and  laboratories i n  the S o u t h e r n  Hemisphere, 
s u c h  as i n  A u s t r a l i a  (Depar tment  of N a t i o n a l  Mapping and t h e  
C S I R O ) ,  Braz i l ,  A r g e n t i n a ,  N e w  Zea land  and a l so  S o u t h  
A f r i c a .  None of these n a t i o n s  is p r e s e n t l y  i n c l u d e d  i n  t h e  
B I H  s y s t e m  of  T A I  a n d  UTC as c o n t r i b u t o r s  b e c a u s e  of t h e  
c o v e r a g e  l i m i t a t i o n  of LORAN C. I n  a d d i t i o n  to  these bene- 
f i t s  f o r  t h e  N a t i o n a l  T i m e  S e r v i c e s ,  there w i l l  also be con- 
siderable d i rec t  b e n e f i t s  for  a number of v e r y  demanding 
u s e r s  o f  p r e c i s i o n  t i m e .  

One of  t h e  more s t r i n g e n t  u s e r  r e q u i r e m e n t s  is t h a t  of 
t h e  Deep Space Network ( D S N )  w i t h  s t a t i o n s  located a t  
C a n b e r r a ,  A u s t r a l i a ;  Madrid, S p a i n ;  and  G o l d s t o n e ,  C a l i -  
f o r n i a .  Because of t h e  h i g h  a c c u r a c y  needed fo r  deep  space 
probes,  r a n g e  and  r a n g e  ra te  measurements  c u r r e n t l y  r e q u i r e  
t h a t  a b s o l u t e  f r e q u e n c y  d i f f e r e n c e s  between t h e  hydrogen  
masers a t  each of  these si tes be known t o  a few p a r t s  i n  
1013. There  is no r e a s o n a b l e  terrestrial  means of r e a c h i n g  
t h i s  a c c u r a c y .  One s o l u t i o n ,  though v e r y  e x p e n s i v e ,  t h a t  is 
c u r r e n t l y  b e i n g  p l a n n e d  is t o  u s e  a deep space s o u r c e  t o  
s y n c h r o n i z e  and s y n t o n i z e  t h e  s t a t i o n s .  Over t h e  n e x t  
decade, it would be h i g h l y  desirable i f  an a l t e r n a t i v e  r o u t e  
c o u l d  be found t o  p r o v i d e  s y n c h r o n i z a t i o n  a t  the few nano- 
s e c o n d s  l e v e l  and  s y n t o n i z a t i o n  a t  a par t  i n  1013 or better.  
F u r t h e r m o r e ,  a l l  p r e s e n t l y  used  methods and s y s t e m s  i n  pre- 
c i s i o n  t i m e k e e p i n g  w i l l  b e n e f i t  b e c a u s e  the e x p e r i m e n t  w i l l  
p r o v i d e  a n  e x t r a o r d i n a r y  o p p o r t u n i t y  to  e v a l u a t e  and t o  cal- 
i b ra t e  t h e  pe r fo rmance  of e x i s t i n g  r o u t i n e  t i m i n g  sys t ems  
s u c h  as LORAN C,  the GPS, etc. 

F i g u r e  3 shows t h e  l o c a t i o n s  of u s e r s  of an o p e r a t i o n a l  
s y s t e m  for t i m e  and  f r e q u e n c y  t r a n s f e r ,  i n c l u d i n g  p r i m a r y  
s t a n d a r d  laboratories,  t i m e  s e r v i c e  s t a t i o n s ,  and  t h e  NASA 
DSN. Once a n  o p e r a t i o n a l  s y s t e m  h a s  been e s t a b l i s h e d ,  VLBI 
s t a t i o n s  a round  the world c a n  be c o u n t e d  among t h e  users. 

9 
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111. EXPERIMENT DESCKIPTION 

A .  Objective 

The objective of the Shuttle-borne experiment is to 
demonstrate that time and frequency information can be 
transferred to a ground station with a precision of 1 nsec 
in time and 1 part in 1014 in Af/f for frequency. This 
demonstration will use simultaneous microwave and laser 
techniques to evaluate the capability and usefulness of this 
method of time transfer. The microwave system will make 
frequency comparisons with the space clock during each pass. 
Data from the three systems (laser timing, microwave timing, 
and microwave frequency comparison) will be available to 
test the internal consistency of the techniques. It is suf- 
ficient for this demonstration to have only one ground sta- 
tion equipped with a hydrogen maser system serving both as 
clock and high-stability oscillator. For the time and fre- 
quency comparisons an existing S-band station from either 
the Jet Propulsion Laboratory (JPL) DSN or one of the uni- 
fied S-band (USB) stations would be appropriate. The adap- 
tation of the station for the experiment would follow very 
closely the work done in the 1976 GP-A redshift experiment 
for which two additional racks of equipment built by the 
Smithsonian Astrophysical Observatory (SAO) were tied into 
the existing equipment. 

The laser time comparison will involve the use of a 
mobile laser tracking station brought to the USB or DSN sta- 
tion site. 

B. Space Clocks 

The experimental test of the Gravitational Redshift 
successfully made in June 1976 by NASA and SA0 demonstrated 
the feasibility of placing an extremely high-stability 
oscillator into Earth orbit and of making frequency compari- 
sons between it and an oscillator at the Earth's surface. 
This experiment required a hydrogen maser with highly spe- 
cialized design to cope with the very traumatic changes from 
Earth's thermal, magnetic and gravitational environment to 
the environment of space. The short-duration mission did 
not provide sufficient time for thermal stabilization or 
magnetic readjustment. Although the space mission was 
limited to approximately 2 hr, the maser was designed for 
continuous operation through many months of testing. 

The development of high-stability oscillator systems, 
or clocks, for use in space recently has had considerable 
impetus from the GPS, for which cesium beam and rubidium 
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v a p o r  r e s o n a t o r  d e v i c e s  have  been deve loped  and undergone  
tests i n  s p a c e .  
l i g h t w e i g h t  compared t o  t h e  41 lrg space maser used  i n  t h e  
1976 GP-A r e d s h i f t  e x p e r i m e n t ;  however ,  t h e y  have  s u b s t a n -  
t i a l l y  lower short-term s t a b i l i t y  t h a n  t h e  maser. 
shows t h e  f r a c t i o n a l  f r e q u e n c y  s t a b i l i t y  u ~ ( T )  ( g i v i n g  t h e  
e x p e c t e d  v a l u e  of A f / f  between a d j a c e n t  samples, each of 
d u r a t i o n  T )  f o r  cesium, r u b i d i u m  and maser osci l la tors  pres- 
e n t l y  s u i t a b l e  for  space. I t  is clear t h a t  for  t h e  t i m e  
i n t e r v a l s  of l o 3  t o  l o 4  sec i n v o l v e d  i n  t h e  proposed orb i ta l  
clock t i m i n g  s y s t e m s ,  t h e  hydrogen maser w i l l  be r e q u i r e d  on 
t h e  spacecraft. I n  t h e  case of t h e  compar ison  or measuro- 
ment of f r e q u e n c y  d u r i n g  a s i n g l e  pass o f ,  say,  8 min v i s i -  
b i l i t y ,  hydrogen  masers w i l l  a lso be r e q u i r e d  a t  t h e  ground 
s t a t i o n s  . 

These  d e v i c e s  are r e l a t i v e l y  small and  

F i g u r e  4 

As p r e v i o u s l y  men t ioned ,  there is i n c r e a s i n g  need for 
f r e q u e n c y  c a l i b r a t i o n  ( s y n t o n i z a t i o n )  among t h e  s t a t i o n s  i n  
t h e  worldwide VLBI ne twork ,  and these s t a t i o n s  are n o r m a l l y  
e q u i p p e d  w i t h  hydrogen masers. 

C. The Laser T i m e  T r a n s f e r  System Concept  

The s h o r t - p u l s e  laser t i m e  t r a n s f e r  s y s t e m  u t i l i z e s  
t e c h n i q u e s  o r i g i n a l l y  prescr ibed i n  1905 by A. E i n s t e i n  for 
t h e  compar ison  of separated clocks. 
i n  a practical way drawing  on t h e  properties of lasers and 
p r e c i s i o n  t i m e k e e p i n g  e l e c t r o n i c s .  The space-time diagram 
shown i n  F i g u r e  5 i l l u s t r a t e s  t h e  t e c h n i q u e  fo r  one  spa t ia l  
d imens ion .  

I t  c a n  now be performed 

Assuming t h a t  t h e  speed of l i g h t ,  c ,  is the same i n  a l l  
d i r e c t i o n s ,  t h e  laser p u l s e  e m i s s i o n  time, t l ,  and the 
laser p u l s e  r e c e p t i o n  time, t3, a t  Earth are g i v e n  by 

r r 
2 c  tl = t2 - - c ,  t 3 = t  + - .  

The t i m e  t 2  a t  t h e  m i d p o i n t  
from e q u a t i o n  (1) as 

= tl + 2 1 ( t3  - t l )  
t2  

of tl and  t 3  is o b t a i n e d  

T h i s  is t h e  time t h a t  can be a s s i g n e d  by the E a r t h  s t a t i o n  
o b s e r v e r  t o  t h e  r e f l e c t i o n  of t h e  p u l s e  a t  t h e  spacecraft. 
From e q u a t i o n  (1) w e  o b t a i n  

G r = 2 ( t3  - 
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which is t h e  d i s t a n c e  from t h e  E a r t h  s t a t i o n  to  t h e  space- 
craf t .  T h i s  is t h e  basic e q u a t i o n  used  i n  measu r ing  t h e  
d i s t a n c e  t o  t h e  c o r n e r  r e f l e c t o r s  on t h e  Moon and on numerous 
a r t i f i c i a l  E a r t h  sa te l l ies .  If there is a fas t  photodetector 
located n e x t  t o  t h e  corner r e f l e c t o r  and  an e l e c t r o n i c  e v e n t  
timer t o  register t h e  epoch  ti of t h e  r e f l e c t i o n  e v e n t  i n  
t h e  t i m e  scale  e s t a b l i s h e d  by t h e  s p a c e c r a f t  clock, t h e n  equa-  
t i o n  ( 2 )  c a n  be used  t o  compare t h e  epoch  ti w i t h  t he  epoch 
t 2  for  t h e  same r e f l e c t i o n  e v e n t  by some form of radio com- 
m u n i c a t i o n  s u c h  as t e l e m e t r y .  

Note t h a t  t h e  r e l a t i v e  v e l o c i t y  between t h e  ground sta- 
t i o n  and  t h e  spacecraft does n o t  e n t e r  t h e  compar i son ,  n o r  
does t h e  v a l u e  of t h e  d i s t a n c e  s e p a r a t i n g  them. Thus,  there 
are n o  Doppler effects associated w i t h  t h e  s h o r t - p u l s e  laser 
t e c h n i q u e  for compar ison  of separated clocks. 

The  effect  of t h e  E a r t h ' s  atmosphere is t o  c a u s e  an addi -  
t i o n a l  d e l a y  i n  t h e  t r a n s i t  t i m e  of t h e  laser l i g h t  p u l s e  
between ground and t h e  Space S h u t t l e  of a p p r o x i m a t e l y  

A t  = (6  n s e c ) / c o s  8 ,  ( 4 )  

where 8 is t h e  a n g l e  f rom the z e n i t h .  However, b e c a u s e  t h i s  
d e l a y  is almost t h e  same for o u t g o i n g  and  incoming p u l s e s ,  
o n l y  t h e  d i f f e r e n c e  modifies e q u a t i o n  (2), 

( 5 )  
1 

t2  = ij ( t l  + t3> + ( A t ) o u t  - (Win 

T h i s  c o r r e c t i o n  is e x p e c t e d  t o  be much less t h a n  1 p e r c e n t  of 
A t ,  or <<  (60 p s e c ) / c o s  e . The d i f f e r e n c e  i n  d e l a y  is due  
t o  t h e  r e l a t i v e  mot ion  of  t h e  sa te l l i t e  and  t h e  E a r t h ' s  s u r -  
face p r o d u c i n g  d i f f e r e n t  p h y s i c a l  pa ths  t h r o u g h  t h e  atmos- 
phere. 

Another  small c o r r e c t i o n  term is produced  by t h e  accele- 
r a t i o n  of t h e  ground s t a t i o n  as a r e s u l t  of t h e  E a r t h ' s  rota- 
t i o n .  I t  can  be r e a d i l y  c a l c u l a t e d  to  the needed a c c u r a c y .  

D. P r e v i o u s  Demons t r a t ion  

I n  a series of a i r c ra f t  f l i g h t s  from t h e  P a t u x e n t  Naval 
A i r  Test C e n t e r  d u r i n g  t h e  period May 1975 t h r o u g h  J a n u a r y  
1976, The U n i v e r s i t y  of Maryland w i t h  t h e  s u p p o r t  of t h e  U . S .  
Navy measured t h e  e f f e c t s  of g e n e r a l  r e l a t i v i t y  on clock 
rates. Dur ing  t h e  f l i g h t s ,  t h e  a i r b o r n e  clocks were compared 
w i t h  t h e  ground clocks u s i n g  the s h o r t - p u l s e  laser t e c h n i q u e  
described p r e v i o u s l y .  The r e s u l t s  o f  one  of t h e  f i v e  15-hour 
f l i g h t s  conduc ted  are shown i n  F i g u r e  6 ,  where t h e  t i m e  
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d i f f e r e n c e  between t h e  a i r b o r n e  and ground c l o c k  sets is 
p l o t t e d  as a f u n c t i o n  of t i m e  before, d u r i n g ,  and  a f t e r  t h e  
f l i g h t .  The p o i n t s  w i t h  error bars are t h e  laser p u l s e  t i m e  
c o m p a r i s o n s ,  t y p i c a l  u n c e r t a i n t i e s  b e i n g  - + (200 t o  300) 
psec . 

E. R e l a t i o n  t o  L a s e r  Range Measurement 

Any laser r a n g i n g  s t a t i o n  c a n  perform a t i m e  compar i son  
w i t h  t h e  s u i t a b l y  equ ipped  Space S h u t t l e  i f  it records t h e  
epochs o f  t h e  t r a n s m i t t e d  and  r e c e i v e d  p u l s e s  and  combines  
them a c c o r d i n g  t o  e q u a t i o n  ( 2 ) .  A t  p r e s e n t ,  a number of 
s t a t i o n s  record epochs; and  others  w i l l ,  i n  t h e  f u t u r e ,  as  
more h i g h  r e p e t i t i o n  ra te  and  s i n g l e  p h o t o - e l e c t r o n  detec- 
t i o n  s y s t e m s  are implemented.  The c o n v e r s i o n  t o  epoch meas- 
urement  of a laser r a n g i n g  s y s t e m  u s i n g  t i m e  i n t e r v a l  meas- 
urement  is n o t  d i f f i c u l t .  

T h e r e  are now a p p r o x i m a t e l y  20 laser s t a t i o n s  worldwide 
t h a t  p o t e n t i a l l y  c o u l d  p a r t i c i p a t e  i n  t h e  p roposed  e x p e r i -  
m e n t .  I n  t h e  U . S .  these i n c l u d e  e i g h t  i n  t h e  NASA ne twork  
and  three i n  t h e  S m i t h s o n i a n  ne twork .  A d d i t i o n a l  s t a t i o n s  
are e x p e c t e d  t o  come i n t o  e x i s t e n c e  i n  t h e  n e x t  few years i n  
v a r i o u s  par t s  of t h e  world. 

The LASSO e x p e r i m e n t  w i l l  u s e  t h e  laser t e c h n i q u e  
described p r e v i o u s l y  w i t h  the SIHIO-2 synchronous  s a t e l l i t e  
t o  be p l a c e d  i n  o r b i t  by the f i r s t  o p e r a t i o n a l  l a u n c h  of t h e  
European Space Agency A R I A N E  rocket i n  J u n e  1981. S e v e r a l  
European laser r a n g i n g  s t a t i o n s  w i l l  p a r t i c i p a t e  t o g e t h e r  
w i t h  a s t a t i o n  operated j o i n t l y  by t h e  U.S. Naval  Observa-  
t o r y ,  The U n i v e r s i t y  of Maryland,  and t h e  NASA Goddard Space  
F l i g h t  C e n t e r .  

F. S y s t e m  D e s c r i p t i o n  

A block diagram of t h e  Space S h u t t l e  and  ground s y s -  
t e m s  is shown i n  F i g u r e  7.  The  corner reflector a r r a y  would 
be of hemispherical  geometry t o  e l iminate  t h e  need for  
p o i n t i n g .  Each ref lector  would be accompanied by a f a s t  
photodetector,  probably of t h e  a v a l a n c h e  diode t y p e .  The 
c o n s t a n t - f r a c t i o n  discr iminator ,  e v e n t  timer, microproces- 
so r ,  storage registers, and communicat ion l i n k  w i l l  be s i m i -  
l a r  t o  equipment  deve loped  ear l ie r  and adapted to  t h e  re- 
q u i r e m e n t s  of t h e  Space S h u t t l e .  W i t h  10 t o  30 laser p u l s e s  
registered d u r i n g  a t i m e  t r a n s f e r  ( t o  a v e r a g e  t h e  j i t t e r  i n  
t h e  d e t e c t o r - d i s c r i m i n a t i o n - e v e n t  timer c h a i n ) ,  a p r e c i s i o n  
as  h i g h  as 30 psec may be a t t a i n a b l e  u s i n g  this laser tech- 
n i q u e .  
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S i m u l t a n e o u s  t e s t i n g  of t h e  laser and  microwave p u l s e  
s y s t e m ,  i n  conjunct ion  w i t h  t h e  microwave f r e q u e n c y  compari- 
s o n  method, w i l l  allow e x t r e m e l y  h i g h  p r e c i s i o n  tests of 
these v a r i o u s  methods  of  t i m e  t r a n s f e r  and  an  e v a l u a t i o n  of 
t h e i r  u s e f u l n e s s  f o r  wor ldwide  c o v e r a g e .  

G. The Microwave Techn ique  fo r  S i m u l t a n e o u s  F requency  
and  T i m e  Comparison 

The p r o p o s e d  t e c h n i q u e  f o r  t i m e  and  f r e q u e n c y  compar i son  
v e r y  c l o s e l y  p a r a l l e l s  t h e  methods used  i n  t h e  r e d s h i f t  test 
i n  which c o n t i n u o u s  wave s i g n a l s  a t  three s e p a r a t e  f r e q u e n -  
c ies  were used  i n  a combined two-way and one-way Doppler 
measurement  sys t em.  

T h e  e x p e r i m e n t  ha rdware  used  i n  1976 w a s  based on t h e  
USB s y s t e m ,  which p r o d u c e s  c o n t i n u o u s  wave a n d  Doppler 
( r a n g e - r a t e )  data a n d ,  by the u s e  of pscudo-random n o i s e  
( P R N )  phase m o d u l a t i o n  and c o r r e l a t i o n  t e c h n i q u e s ,  a l so  pro- 
v i d e s  r a n g e  d i s t a n c e .  T h i s  i n f o r m a t i o n  is o b t a i n e d  from t h e  
t i m e  d e l a y  between t h e  t r a n s m i t t e d  PRN-coded phase m o d u l a t i o n  
and  i ts  c o u n t e r p a r t  r e c e i v e d  from t h e  spacecraft t r a n s p o n d e r .  
S i n c e  t h e  f r e q u e n c i e s  of t h e  u p l i n k s  and downl inks  are sepa- 
ra ted,  there is no r e s t r i c t i o n  on the d u r a t i o n  of t h e  phase- 
coded s i g n a l s  other t h a n  t h e  o b v i o u s  one  associated w i t h  t h e  
p e r i o d  of  v i s i b i l i t y  of t h e  s a t e l l i t e .  S i m u l t a n e o u s l y  w i t h  
t h e  phase data p r o v i d i n g  t h e  two-way p r o p a g a t i o n  d e l a y ,  a 
t h i r d  microwave carr ier  w i l l  be modula ted  t o  p r o v i d e  t ime-de- 
l a y  i n f o r m a t i o n  between t h e  s a t e l l i t e  and ground clocks. The 
p r o p a g a t i o n  d e l a y  i n  t h i s  measurement is a c c o u n t e d  for  u s i n g  
t h e  t r a n s p o n d e d  two-way da ta .  T o  i l l u s t r a t e  these t e c h n i q u e s  
f o r  time and f r e q u e n c y  compar i son ,  t h e  l i g h t - t i m e  d i a g r a m  
shown i n  F i g u r e  8 w i l l  be used  t o  d e s c r i b e  t h e  r a y  pa ths .  
T h e  X a x i s  describes c o o r d i n a t e  time w i t h  t h e  r a n g e  coordi- 
n a t e  on t h e  Y a x i s .  T h i s  i m p l i e s  that  r e l a t i v i s t i c  e f fec ts  
of t h e  r e l a t i v e  mot ion  and g r a v i t y  p o t e n t i a l  between t h e  
E a r t h  and ground s t a t i o n s  have  been i n c l u d e d  i n  t h e  t i m e  a n d  
f r e q u e n c y  compar i sons  from a knowledge of t h e  s p a c e c r a f t  
p o s i t i o n  and v e l o c i t y  o b t a i n e d  from t r a c k i n g  i n f o r m a t i o n .  

I n  F i g u r e  8 t h e  t i m e  scales t, and te r e p r e s e n t i n g  
t h e  s p a c e  v e h i c l e  and  E a r t h  s t a t i o n s ,  r e s p e c t i v e l y ,  are 
c o o r d i n a t e d  fo r  r e l a t i v i s t i c  e f f e c t s ,  and t h e  o b j e c t i v e  i n  
s y n c h r o n i z i n g  them is t o  m a i n t a i n  a c o n s t a n t  r e l a t i o n s h i p  i n  
t h e  epoch d e f i n e d  by e a c h  scale.  T h i s  is done by d e t e r m i n i n g  
t h e  p r o p a g a t i o n  time, ATpKOP, by d i r ec t  measurement of 
t i m e  p u l s e s  a p p l i e d  t o  t i e  car r ie r  s i g n a l s  u s i n g  pseudo-ran-  
dom n o i s e  m o d u l a t i o n  i n  t h e  f o r m  of a coded s e q u e n c e  of phase 
a d v a n c e s  arid r e t a r d a t i o n s .  T h i s  is t h e  c o n v e n t i o n a l l y  used  
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c o d i n g  method for  r a n g e  measurement i n  t h e  USB s y s t e m  and 
i n v o l v e s  t h e  use  of a t r a n s p o n d e r  t h a t  r e t a i n s  phase coher- 
ence i n  t h e  r e t r a n s m i t t e d  carrier s i g n a l  ( a t  an o f f s e t  f r e -  
quency g i v e n  by t h e  ra t io  240/221 t i m e s  t h e  u p l i n k  f r e q u e n -  
c y )  a n d  a l so  reapplies t h e  phase-coded m o d u l a t i o n  to  t h i s  
s i g n a l .  

T i m e  data between t h e  s p a c e  v e h i c l e  and E a r t h  s ta t ion 
are t r a n s m i t t e d  by a separate carrier a t  a t h i r d  f r e q u e n c y ,  
shown i n  F i g u r e  8 as t h e  "Clock S i g n a l . "  S i m i l a r  phase 
c o d i n g  of t h i s  carrier is used  i n  c o n j u n c t i o n  w i t h  t h e  Ea r th  
s t a t i o n  t i m e  scale to  o b t a i n  

The t i m e  scales are s y n c h r o n i z e d  by d e t e r m i n i n g  

F i g u r e  9 shows a s c h e m a t i c  f u n c t i o n a l  d i ag ram o f  t h e  
sys t em.  I t  is based on t h e  s u c c e s s f u l l y  o p e r a t e d  f r e q u e n c y  
compar ison  s y s t e m  used  i n  the 1976 GP-A r e d s h i f t  e x p e r i m e n t .  
The f r e q u e n c i e s  i n  t h i s  s y s t e m  are chosen t o  c a n c e l  t h e  
f irst-order i o n o s p h e r i c  d i s p e r s i o n ;  t h e  f i r s t -order  Doppler 
e f f e c t s ,  i n c l u d i n g  t r o p o s p h e r i c  e f f e c t s ,  are c a n c e l l e d  by 
t h e  s u b t r a c t i o n  of one-ha l f  t h e  two-way Doppler f r e q u e n c y  
s h i f t  from t h e  one-way Doppler  f r e q u e n c y  s h i f t  of t h e  clock 
downl ink .  

I n  t h i s  way it is possible  t o  compare t h e  f r e q u e n c y  of 
two hydrogen  masers d e s p i t e  v a r i a t i o n s  i n  the path and i n  
t h e  t r a n s m i t t i n g  medium, i n c l u d i n g  t h e  d i s p e r s i o n  effects 
r e s u l t i n g  from t h e  n e c e s s a r y  f r e q u e n c y  s e p a r a t i o n  i n  t h e  
three microwave l i n k s .  

H .  Pe r fo rmance  of the  Sys tems 

The b e h a v i o r  of  t h e  microwave f r e q u e n c y  compar ison  sys- 
t e m  u sed  i n  the 1976 GP-A r e d s h i f t  expe r imen t  is shown i n  
F i g u r e .  10. The p lo t  g i v e s  t h e  two-sample Al l an  v a r i a n c e ,  
u ( T ) ,  as a f u n c t i o n  o f  a v e r a g i n g  time i n t e r v a l  T . T h i s  is 
tge p r e s e n t l y  accepted method of desc r ib ing  t h e  s t a b i l i t y  of 
a s i n g l e  o sc i l l a to r  or of a compar ison  between osci l la tors .  
E s s e n t i a l l y ,  t h e  v a l u e  o f  a y  a t  a g i v e n  t i m e  i n t e r v a l ,  T ,  
is t h e  one  sigma p r o b a b i l i t y  of t h e  d i f f e r e n c e  i n  f r a c t i o n a l  
f r e q u e n c y ,  A f / f ,  be tween t w o  a d j a c e n t  s amples  of f r e q u e n c y  
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data, each averaged over the time interval, T. In measuring 
the value of u, a sufficient number of adjacent pairs of 
second measurements are used to obtain a statistically 
significant average value. 

In the case of the redshift comparison of the’ frequency 
difference between the Earth and space clocks, the value for 
100 sec averages was 1 x This is at the limit of the 
stability of the masers used in the experiment in 1976. Shown 
on the same plot is the stability of the presently fabricated 
hydrogen ihasers (1979), the present primary cesium standard 
(1976), and the projected behavior of primary cesium standards 
in 1984. 

Figure 10 can also be used to illustrate the effective- 
ness of timing accuracy in relation to frequency stability. 
The dotted lines show the effectiveness of timing accuracy at 
0 . 6  nsec (microwave pulse system) and at 0.1 nsec (laser pulse 
system) for making frequency comparisons when the timing meas- 
urements are made at time intervals, T. This vividly shows 
the value of the frequency comparison technique as a means for 
comparing high stability standards and the need for sub-nano- 
second timing for clock comparisons at repeated T = lo4 and 
lo5 sec (hours to day) intervals if the precision of time com- 
parison is to be comparable to the stability of present-day 
clocks. The current LORAN C capability is shown (shaded por- 
tion) and is seen to be grossly inadequate. 
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IV. OPERATIONAL CONSIDERATIONS 

The first step toward a global time and frequency trans- 
fer system in space is the proposed Shuttle experiment. The 
purpose of this experiment is to demonstrate and evaluate the 
techniques for a later operational system that would use a 
space platform or a free flyer. 

The microwave system of the Shuttle demonstration experi- 
ment will use S-band frequencies to utilize existing ground 
stations' and transponder design. While S-band is a good fre- 
quency band for a global time transfer system, a different 
frequency band may have to be selected for an operational 
system because of frequency allocations in later years. 

The intended approach for the demonstration experiment is 
to build one or more portable microwave ground terminals. A 
low-complexity, low-cost microwave ground station system using 
a simple omnidirectional antenna would be needed by every user 
of the later operational system. The key to an operational 
system is a low-cost microwave ground station that a variety 
of users can afford. For the demonstration experiment the 
ground terminal can be moved to the location of a potential 
user or an existing laser tracking station, and reflights of 
the Shuttle experiment would provide opportunities for several 
users to participate in the demonstration experiment with the 
transportable microwave ground station. Such a demonstration 
program would generate interest in an operational system, 
including perhaps financial participation by other organiza- 
tions and countries. 

It is worth noting that a laser ground station equipped 
with an atomic clock and suitable interface equipment can use 
the laser timing portion of the experiment during the Shuttle 
mission to coordinate the clock's time scale to the interna- 
tional time scale. 

The experiment package mounted on a pallet inside the 
Shuttle bay will be essentiallx self-contained but will re- 
quire electrical power from the Shuttle system. The corner 
reflector array and the microwave antenna will have to be 
pointed toward the ground for experiment operation while pass- 
ing over a ground station. An ideal Shuttle mission for this 
experiment would be one performing Earth observations with the 
open Shuttle bay pointing toward Earth during most of the mis- 
sion. The orbit of the Shuttle must be known to a certain 
degree of accuracy to determine altitude and relative 
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velocity between a ground station and the Shuttle. This 
information is needed for relativistic corrections (gravita- 
tional redshift and relativistic Doppler effect) to realize 
the maximum accuracy in time and frequency comparison pos- 
sible with the experiment. 

As mentioned earlier, Shuttle orbits have a relatively 
low altitude, which limits the time available for the exper- 
iment during a ground station pass. For an operational sys- 
tem a high-inclination (perhaps polar), medium-altitude 
orbit would be more ideal to obtain worldwide coverage and 
sufficient observation time Pro2 a ground station. 
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V. CONCLUDING REMARKS 

The need for an operational global time and frequency 
transfer system with accuracies comparable to the perform- 
ance of modern standards has been outlined in Section 11. 
The proposed microwave frequency and time transfer method 
can satisfy this need, providing the weather-independent 
operation required for an operational system. Quite a num- 
ber of potential users, national and international, would 
benefit’from such a system. Therefore, it can be expected 
that there would be a strong interest outside of NASA in the 
U . S .  and in other countries in the implementation of such a 
system. The interest of the USNO and the NBS has been 
expressed clearly and is demonstrated by the participation 
of these organizations in the definition of the Shuttle 
demonstration experiment. There have been indications of 
interests from other countries. A successful demonstration 
of the proposed techniques s h o u l d  generate sufficient 
worldwide interest to lead to cost sharing for an 
operational system by several countries. With increasing 
accuracy and precision of primary standards in future years, 
the need for a high-precision time and frequency transfer 
system will become even more urgent. 
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